A novel approach involving a delay-trigger method and doped, glassy polymers has been developed to determine the contribution of the electric-field-induced third-order effect to the second-order macroscopic susceptibility x(2) of nonlinear optical dyes. A submillisecond, variable time delay is employed for switching on or off the electric poling field with respect to the laser pulse. For the several dyes tested at 30 0C the contribution of the electric-field-induced third-order effect (second-harmonic wavelength = 532 nm) ranges from (6 ± 2)% of (2) 4-(dimethylamino)benzylidenemalononitrile to (20 ± 3)% of x( 2 ) for 4-(dimethylamino)-4'-nitrostilbene.
INTRODUCTION
In the past decade amorphous polymers doped or labeled with nonlinear optical chromophores have been developed for potential application in the area of nonlinear optics. 1' 3 The noncentrosymmetry needed for second-harmonic generation (SHG) is induced by the application of a dc field (poling) at temperatures near or above the glass transition temperature Tg, where the dopants can orient in a reasonable time scale (of the order of seconds or minutes). Most of the SHG studies with polymeric materials assume that the contribution of the molecular third-order hyperpolarizability y to the SHG signal is very small or negligible compared with that of the molecular second-order nonlinear optical susceptibility 3.1-8 Some studies have accounted for the third-order effect by determining y using third-harmonic generation (THG) measurements and correcting it for dispersion using a two-level model. 9 " 0 Experimental values of y have been determined by Oudarl and Levine and Bethea' 2 for various organic molecules using electric-field-induced second-harmonic generation (EFISH) and tunable fourwave mixing. Their results relied on a number of assumptions and had large error bars associated with the values determined. Recently, an extensive investigation of EFISH and THG measurements has been reported by Cheng et al. 13"1 4 for various organic molecules. Their calculation of / depends on the assumption that y(-3w; ww , a) is proportional to y(-2w; W a, 0), where the proportionality constant is determined by the use of a centrosymmetric molecule with a similar structure.' 5 There have also been various studies using electro-optic measurements to determine second-and third-order susceptibilities.1617
Here we present a novel, easy, and direct approach to measure the relative contribution of y(-2co; w, w, 0) to the SHG signal. The delay-trigger approach (partly based on information from Ref. 18 ) permits measurement of the orientation and disorientation dynamics of nonlinear optical chromophores in doped, poled amorphous materials in a submillisecond time regime. By measuring these dynamics deep in the glassy region (for various polymers), we can distinguish between the fast response of y and the slow response of dipole reorientation in these systems. This approach not only gives direct information on y (-2w;w,w,0) and 48 but also can be used to give information on y(-3w; w, w, w) based on a single SHG measurement.
EXPERIMENTS
Poly(methyl methacrylate) (PMMA) (Mw = 490,000, M = 119,200), poly(ethyl methacrylate) (PEMA) (Mw = 340,000, M, = 126,000), and poly(isobutyl methacrylate) (PIBMA) (Mw = 140,000, M, = 300,000) were purchased from Scientific Polymer Products. 4-(dimethylamino)-4'-nitrostilbene (DANS) (Kodak) and 4-(dimethylamino)malononitrile (DMN) (Molecular Probes) were used as received. Disperse Orange 3 (DO3) (Aldrich) was purified through Soxhlet extraction with acetone. Disperse Red 1 (DRI) (Aldrich) was recrystallized with the use of toluene. The chemical structures of the polymers and the dyes are shown in Fig. 1 The final film thicknesses were 5-10 m. The Tg's of the doped films were 98 1C, 61 ± 1C, and 53 ± 10C for PMMA, PEMA, and PIBMA, respectively, independent of the dopant used. The Tg's were measured as the onset temperature of the heat-capacity change with a Perkin-Elmer DSC-7 at a heating rate of 100C/min.
We measured SHG using a Q-switched Nd:YAG laser (frequency of 10 Hz) with a 1.064-Am fundamental beam; values were obtained relative to quartz. Each data point is an average of 100 pulses for a high signal-to-noise ratio. The harmonic beam was incident with the polarization parallel to the applied poling field. Poling involved the application of 2500 V across an 800-,um chrome electrode gap (E 3 104 V/cm). The poling temperatures employed in this study were 125°C for PMMA, 11000 for PEMA, and 850C for PIBMA. After poling at elevated temperatures, we cooled the samples to 30'C with the dc field still applied. The SHG measurements from 200 ,us to 0.5 s were performed under the experimental protocol described in Section 3. The SHG data from 10 to 104 s were obtained by measurement of the signal after the dc poling field was switched off permanently.
order to monitor the second-order macroscopic susceptibility x( 2 ) at a given time, e.g., 50 ms after removal of the dc poling field, we switched off the dc field 50 ms before the second laser pulse scans the sample. Afterward, the dc field is switched on again and maintained for a period greater than five times the period during which the dc field was removed. This ensures that x ( 2 ) returned to a steady value before the measurement was repeated. As the boxcar integrator used in these measurements collects data from the photomultiplier tube for all the laser pulses, a gate was employed before the computer interface that permitted only laser pulses 2, 6, etc., to be collected. As with the normal time-domain measurements, we collected 100 pulses for each decay time accessed in order to optimize the signal-to-noise ratio.
Measurements of this type were made over the time scale 200 us-0.5 s. The lower limit was a result of the fact that the rise and fall times on the high-voltage power supply employed in this study were slightly less than 30 ,us. The higher limit was chosen for experimental expedience, as the 0.5-s measurement required approximately 6 min to be achieved when all 100 repetitions of the measurement required approximately 6 min to be achieved when all 100 repetitions of the measurement were included. It should be noted that a 1-2% error exists in our relative x(2) measurements as the highvoltage supply employed here was switchable from 2500 V to 25 V; the latter quantity was used as an approximation of complete removal of the field (0 V). It should also be noted that one can perform poling onset measurements 19 by following the same experimental approach outlined here for decay measurements; however, in the case of onset studies the poling voltage must be switched on prior to the laser pulse.
RESULTS AND DISCUSSION
For the case of uniaxial molecules with dipole moment A, on application of a dc field the second-order macroscopic susceptibility can be expressed as 9 xz2z = Nf. 2 (wO)f_ (2) 
where z is parallel to the dc poling field E_, 3 is the axis of the dipole, 
DELAY-TRIGGER APPROACH
If we employ normal time-domain SHG measurements with a laser-pulse frequency of 10 Hz while simultaneously optimizing the signal-to-noise ratio by averaging the results from 100 pulses, it is not possible to measure SHG dynamics on time scales faster than 10 s. To overcome this limitation, we have used a novel approach, with the protocol shown in Fig. 2 , to trigger both the laser and the high voltage. The laser is triggered with a 10-Hz frequency as indicated by the numbers 1-8 in Fig. 2 . In 
The quantity y3333/5 is also referred to as y, the scalar part of the hyperpolarizability tensor. 
The first term in expression (3) is due to orientation of the dipole (the time required to reach a steady-state value depends on the mobility of the environment surrounding it). The second term is not related to physical reorientation of the dopants, and the response time is almost instantaneous (of the order of picoseconds1 2 ). Figure 3 shows the results of the SHG decay dynamics on removal of the dc poling field for PMMA, PEMA, and PIBMA doped with DR1. In the case of the PMMA + DR1 system the sample was poled at 125 0 C followed by cooling of the sample to 30 0 C with the dc field on. (2) was measured after the poling field was switched off. x2) on the ordinate corresponds to the susceptibility at a given time normalized with respect to its value just prior to removal of the dc field (at time t = 0). In Fig. 3 the plateau between t = 10-4 and t = 0.5 s in the PMMA + DR1 system indicates that there is no randomization of the dc-field-induced noncentrosymmetric orientation of DR1 at these short times. The drop in x(2) observed in all three polymer systems from 1 to less than 0.90 between t = 0 and t = 104 s is due to the dc-field-induced
third-order effect. Larger decreases in x( between t = 0 and t = 10-4 are observed for DANS (Fig. 4) and D03 (Fig. 5) than for DR1. As demonstrated in Figs. 3-5 , the relative third-order effect, which here will be defined as y/(A,13/(5 kT) + y), is a function of the nonlinear optical dye, but, within experimental error, independent of the polymer matrix, in agreement with expectations. SHG measurements have also been made for PMMA + 2 wt % DMN, as shown in Fig. 6 . In that case a much smaller relative third-order effect is observed. Values of the relative contribution of the electric-field-induced third-order effect to SHG for each of the four nonlinear optical chromophores are summarized in Table 1 .
The determination of the relative contribution of the third-order effect to SHG using the approach described above relies heavily on the assumption that deep in the glassy state of these polymers there is no randomization of dopant orientation occurring on time scales less than 10-4 s. There is direct and indirect evidence in the ' "a"" " by"! ' "" ! l 2 ' and in the PMMA + DR1 system 2 2 show no loss peaks at time scales shorter than 10-s at 30'C. Also, the transient electro-optic measurements by Valley et al. 2 3 indicate that no orientation (on poling) or disorientation (on removal of the dc field) can occur in such systems on time scales less than 10-4 s. If there were any orientation effect present in the initial s) drop-off in the value of x(2, then it would be expected that the smallest chromophore (DMN) exhibits the largest drop-off, as it has the smallest resistance to rotational motion. However, the experimental results clearly show that the relative contribution of the initial drop-off in x( is much smaller for DMN than for the larger chromophores.
Only several reports of comparable studies are given in the literature. The value of y/[t,/3/(5 kT) + y] for DRI reported here is approximately twice the value from the research by Boyd et al. 9 (Note that the definition of y used by Boyd et al. is different from that defined in this paper and in other references""l 3 " 4 ; this difference should be taken into account before any comparison of data is made.) In an extensive study Cheng et al. 13, 4 reported EFISH and THG measurements on many dyes; their study was done in solution and at a second-harmonic wavelength of 954 nm rather than at the 532 nm used here. The wavelength difference is important, as the relative contribution of the electric-fieldinduced third-order effect to SHG may be expected to be wavelength dependent. 5 By using values of /3 and y reported by Cheng et al., 13"1 4 we have calculated the relative contributions of the third-order effect at the secondharmonic wavelength of 954 nm for the dyes studied here (see Table 1 ). Despite the difference in second-harmonic wavelength, there is good agreement between the results of the present study and that by Cheng et al. 13 Further investigation will be required to determine whether this difference is due to a significant wavelength dependence for DANS (not only for ,B but also for y) or to other effects.
Possibly the most frequently cited study in the research literature regarding the relative contribution of the thirdorder effect to SHG is by Oudar" for various organic molecules at a second-harmonic wavelength of 532 nm. Using a standard statistical procedure, 24 (Similar determinations pan be made for the other organic molecules studied by Oudar.1) An incorrect conclusion commonly drawn 5 9 from Oudar's research is that the contribution of the third-order effect to SHG may be small and effectively neglected. However, the new delaytrigger approach described here permits precise measurement, making it clear that the contribution to SHG is of sufficient magnitude to warrant being taken into account.
If any of the data reported here have been. taken in the presence of significant charge injection in the nonlinear optical samples, the validity of the conclusions will be affected. It has been reported by Yitzchaik et a. 2 6 that polymers poled in the geometry employed here exhibit nonlinearity both parallel and perpendicular to the direction of the poling field. They have attributed this effect to charge injection. However, their measurements were made using aluminum electrodes on ordinary glass substrates, while the present study involved the use of chrome electrodes on quartz substrates. The differences in substrate are important, as quartz has a much lower surface conductivity than that of ordinary glass. In order to address the significance of charge injection in the present studies, we have monitored the disorientation dynamics in PIBMA + 2 wt % DR1 samples using three voltages (1200, 1500, and 2500 V) as shown in Fig. 7 . Within experimental error, we see similar dynamics and obtain similar values of the relative third-order contribution for all three voltages. If there were significant charge injection in the system, then the temporal decay of xN would be expected to be a function of applied voltage.
In the future an investigation of the wavelength dependence of the relative third-order effect, particularly on approach to the absorption peak of the nonlinear optical dyes, will be undertaken. This will not only allow a direct comparison with the results of Cheng et al.' 4 but also provide information on the wavelength dependence of both y and 3 and thereby commentary on the applicability of the two-level model at various wavelengths. 5 The delay-trigger method described here is also useful in quantifying the rotational dynamics of nonlinear optical dopants in polymers both above and below the glass transition temperature. In these dynamics studies it is especially important to account accurately for the third-order effect as a nonorientational quantity; otherwise, conclusions drawn about the temporal relaxation of dopant orientation and x(2) will be in error. Studies of this type are described elsewhere.19 2 7 , 28 SoX~N   1 1 ,, ,,,,,,, ,, ,,,,,,, ,, ,,,,,,, ,, ,,,,,,, ,, ,,,,,,, ,, ,,,,,,, ,, ,,,,,,, ,, ,,, 
